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.  English 


Symbol 


Abbrevia,-:, 

tlon 


Unit 


Abbreviation 


Time— ------ 

Force— - - 


Powr— ---ji 
Speed----—. 


■  t  ' 

meter  —  -  - 

second - — ---’ . . 

weight  of  1  kilogram-— -- 

'  '  .  ' 

IV- 

horsepower  (metric) ,  J .  — 
/kilometers  per  hour.— --- 
\meters  per  second . . 

.•  ••  'X  ,  ' 

m  ’  foot  (or  mUe)-  ly.  ft 

-S'  second  (or  hour)— ---  sec  (orh  ) 
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S- '  ,  .j:'--  ;  •  i- ' 2.  GENERAL  SYMBOLS  ^  ^  '' 

/  V;  ‘  .  p  Kinematic  viscosity  -  ^  ' 

W  Weiglit=iw^  ;  ^  ^  •*  nonARkm/a*  «  Density  (mass  per  unit  volunie)  la  Vi 

>  ,  standard  a^^ajon  of  graYityp9.80666  m/s  ^^  ^,  ^2497  at  15  0 

;v.  -  ,.opS2.1740It/»^"  :r-_  . ^,60  mmlor  0.002378  IWr-^'  '  -  ,  ,  ' 


:-Mas8=-!2^'^  •  -i-  -Sp^c  weight  of  “standwa",  air, 

t^i^■^-M^"::MoInen^pf  ■  (indicate 'a^  of  0,()76M Ib/cndt,  -  ■  ^  . 

r  radius  of  gjration  fc  by  proper  sutempt;^^  ^  i  v  .  .  (.V  ; 

?:V'Vv;f!‘:^a-v-'^;Coefficientdfyi8cbBity'^  -\.,  I'v.  \  ■  >  .■’ 

T-.a  Vp.V. •  3.  aerodynamic  SYMBOLS  V., . ‘?v  ^  i 

r-'i',-;'-  Areapf\nnff^v  >«^,^  r  v  y,y?  ':  .'''■'■linej; .V .• 

■.■'■':fv^ V{^''  C '  :'-y'  :-.  '  I^ultahtmom^.x';'  /v  ;■'■■ 

.,-■.  S  .  Sp^',  r."/^  f •■i-  '  -'.Q'''’,  ,  Residtant  angular  yelboity,\ 

;  ;jj  ^  rfi  ,'  Reynolds  number,  where/ IS  a  linear  dunen- 

:  '  ^  Aspect  ratio,  ^  ,  -  .  -  ^  ^  ^  of  1.0  ft  chord,  1()0 

.5;.  nV  Trueaw  spee^  ^  ^  ^  ^  mph,  standard  pressure  at  15®. C,  the  coire- 

£  lift,  absolute  coefficient  ^  ^  v  ;  spending  Ee^^olds  number  is  6,865,  ^  > 

,  ■'■"1  a  Angle  of  v.,  '■  '"■■ 

^  D  Drag,  absolute  coefficient  C?D=^  ^  Angle  of  downwash  ^ 

:  -  '  .  -  Angle  of  attack,  infinite  aspect  ratio 

■  ,  ,^  a  Piffle  dp.8..W».ecoemd„t<7,-p^  .  .  ^ 

D<  laduoed  drag,  absolute  coefficient  Coj  lift  position) 

^  y  Flight-path  angle 


J)  parasite  drag,  absolute  coefficient  Cdp  g^g 
.  C  Cross-wind  force,  absolute  coefficient  Cc  gg 
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CHARACTERISTICS  OF  LOW-ASPECT-RATIO  WINGS  AT  SUPERCRITICAL  MACH  NUMBERS 

By  John  Stack  and  AV.  V.  Lixosky 


SUMMARY 

The  se/paratiov  of  the  fow  over  wiiKjx  precipitated  by  the 
compression  shock  that  forms  as  speeds  are  increased  into  the 
supercritical  Mach  ranye  has  imposed  serious  difficulties 

in  the  improvement  of  aircraft  performance.  These  difficulties 
arise  principally  as  a  consequence  of  the  rapid  dray  rise  and 
the  loss  of  lift  that  causes  .serious  stability  chanyes  when^he 
winy  shock-stalls.  Favorable  relieriny  effects  due  to  thethfce- 
dimensionalflow  around  the  tips  we,r  obtained  and  these  effects 
were  of  such  maynitude  that  it  is  indicated  that  low-aspect- 
ratio  winys  offer  a  pos.sible  solution  of  the  problems  encountered. 

;  1  ;  >  : - .....  ■  -  ,  !  »'■'  *=■  , 

^  INTRODUCTION 


Flight  at  siipoi'critu'al  Mach  iiunihcrs  lias  appcarcil  ex¬ 
tremely  difficult  because  of  rapid  drug  increase  and  marked 
stability  and  control  changes.  The  change  in  stability  has 
been  found  in  many  instances  to  be  so  great  as  to  cause  loss 
of  normal  control  of  the  aircraft.  Serious  bufreting  of  the 
tail  usually  accompanies  these  adverse  stability  irhangi's. 

The  adverse  effects  are  shown  in  reference  1  and  elsewhere 
to  be  directly  connecti'd  with  a  changi'  of  flow  over  the 
wing.  This  change  of  flow  is  precipitated  by  the  formation 
of  an  essentially  normal  shock,  which  produces  separation 
of  the  flow'  over  Alie  wing.  The  separated  flow',  as  now'  seems 
clear,  W'as  indicated  in  reference  2  to  be  an  outstanding 
contributing  cause  of  th(‘  drag  rise.  The  stability  change 
encountered  with  airplanes  is  largely  a  consequence  of  either 
or  both  the  change  in  angh'  of  zero  lift  of  the  w'ing  or  the 
change  in  lift-curvc  slope  of  tin'  wing  w'hen  the  separated 
flow  occurs.  Eliinination  of  the  separated  flow  could  be 
expected  to  allcviati'  to  a  large  extent  thi'  difliculties 
encountered. 

Elimination  of  the  seiiarated  flow  could  iiossibly  be  accom¬ 
plished  by  boundarv-layer  control,  tbough  exiicriments  made 
thus  far’indicate  alh'viation,  liut  not  elimination,  of  the 
separated  condition,  Otlu-r  difficulties  lioth  aerodynamic 
and  structural  arc,  howevei-,  encountered.  Because  it 
appears  clear  that  the  normal-shock  phenomenon  iiroduces 
the  separation  of  the  flow,  some  modification  to  reduce  the 
shock  losses  could  be  expected  to  contribute  inarki'dly 
toward  solution  of  the  present  difficulties. 

Tnpiiblished  results  of  experimental  investigations  of  the 
flow  around  simulated  propeller  tijis  in  the  iianglcy  11-inch 
and  24-inch  high-speed  tunnels  showed  markeil  delay  and 
alleviation  in  the  adverse  effects  at  supercritical  Mach 
numbers  as  compared  with  results  obtained  in  two- 
dimensional  flows.  It  was  lik(>wise  shown  that  tlu'  shocks 


fornie.1  at  and  near  the  tips  were  not  normal  to  the  stream. 
Tlu’st*  ivsulls  an‘  suhstantialod  l)y  tlw*  work  of  ivliMvnco  .> 
performed  on  actual  rotating  pro])ellers.  These  results  sug¬ 
gest  the  existi'iice  of  markeil  three-dimensional  relieving 
effects  at  ti])  sections  of  wings  or  jiropellcrs.  AVings  of  low 
asiiect  ratio  coulil  therefore  be  exiiected  to  undergo  much 
less  adverse  effects  at  supercritical  Mach  minihers  than 
wino's  of  ])rosent  convc'iitional  aspi’ot  ratios. 

Considerations  of  the  effects  of  asiicct-ratio  reduction 
indicate  that  other  effects  may  be  expected.  Thus,  the 
slope  of  the  lift  curve  is  determined  by  the  mfinite  asix'ct 
ratio  or  si'ction  characteristics  plus  the  induced  eilccts.  11 
the  induced  angle,  as  with  a  low'-as])ect-ratio  wiiig,  is  large, 
a  given  change  in  section  characteristics  should  produce 
smaller  ri'lative  change  in  lift-curve  sloiie,  than  won  hi  occur 
with  a  wing  of  moderate  or  high  asiiect  ratio  for  which  t  le 
induced  angle  is  small.  Further,  reduction  of  wing  asiiect 
ratio  through  increasing  the  downwasb  angle  at  th(>  tail 
reiluces  the  stabilizing  effect  of  the  tail  until  finally  a  value 
of  aspect  ratio  is  reached  for  which  the  geometrical  and  the 
downwash  angles  are  approximately  equal.  Uhen  this 
condition  is  reached,  changes  in  the  flow  over  the  tail  as  a 
result  of  changes  in  wing  characteristics  may  not  produce 
large  changes  in  stabOity.  The  stability  will  tbeii  depend 
primarily  on  the  wing  characteristics. 

As  a  conseiiuence  of  the  foregoing  considerations,  exjKMi- 
inents  were  conducted  in  1944  in  the  Langley  24-inch  high- 
snecd  tunnel  to  study  the  characteristices  of  low-asiicct-ratio 
wiiK's  at  supercritical  Mach  numbers.  The  experiments 
reported  h<-rein  consisted  of  tests  of  wings  <'f 
A  ranging  from  »  to  2.  All  tlii'  wings  were  of  NAC  A  001- 
sectioii  The  tips  were  cut  square,  each  asiiect  ratio  being 
obtained  by  iirogressively  cutting  the  tips  off  the  original 
wing.  The  speed  range  extended  to  Macb  numbers  ex¬ 
ceeding  0.9.  apparatus  and  tests 

The  investigation  was  conducted  in  the  Langley  24-inch 
hi-di-specd  tunnel,  which  is  a  nonreturn  induction-type  tunnel 
(reference  ‘’)  The  induction  iiozzli-,  located  downslreain 
from  the  test  section,  induces  tin'  air  to  flow  from  the  atmos¬ 
phere  through  the  tunnel.  The  length  ol  air  passage  Iroin 
the  reirion  of  low-velocity  air  at  the  entrance  section  to  the 
test  section  is  small,  approximately  4  lei't  (fig.  D-  1  »' 
absence  of  a  return  passage,  the  short  entrance  length  inn 
the  strong  favorable  pressure  gruilieiit  along  most  of  the 
entrance  length  provid.'  a  very  thin  boundary  layer  along 
the  walls  of  the  test  section. 
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Hr.i'itK  1,— Liiimicy  iM-iiich  liiuh-srH-od  tiiiitit'L  Sehoiiiniic  diu^^raui  ilhistmtinu  miiuk'I 
shiifK*  utxl  models. 

Tli(‘  test  soclion,  oritrinaliy  rircular  (24-in.  (liainrlrr),  had 
IxM'ii  modified  prior  lo  tlie  present  investipition  hy  tli(‘ 
inslallalioii  of  flats  on  tin'  tnnnel  walls.  Tln'.se  flats  i’edne(‘d 
th(‘  width  of  tli(‘  tnniu'l  at  th(‘  t('sl  sc'ction  from  24  inelu's 
to  18  inches  and  elian^^ed  tli(‘  sliap(‘  of  th(‘  test  s(‘etion  from 
eirenlar  to  one  more  nearly  approaehin<i:  reetan^mlar.  Th(‘ 
cross  si’ction  of  the  tnniK’l  at  tlu*  inodcd  location  is  sliown 
in  figure  1. 


ill)  Ovt'r-:iIl  view  with  aw'ss  door  rctnoved,  shawiiiij  model  instidliUion. 


The  model  for  tlu'  infinite-aspi'ct-ratio  tests  eompleOdy 
spanned  th('  test  st'ction  and  pass(*d  throii<rh  (mhI  plates 
fitted  into  the  flat  walls  of  the  tuniud.  Th(‘  end  plates, 
whieli  aeeurately  i)r(*served  the  contours  of  th<‘  tiiniud  wall 
at  tlie  intersection  of  th(‘  tiiniud  wall  and  the  modtd,  proA’idt'd 
el(‘arane<‘S  Ix'twetui  model  and  timmd  wtdl  and  thereby 
p(‘rmitt(*d  the  foret's  acting  on  the  modt'l  to  Ix'  transmitted 
to  ami  nxorded  by  a  :i-(oniponent  balance  to  which  tin* 
ends  of  the  model  were  attaelx'd  (fi^^  2). 

The  models  for  tests  of  finite  aspect  ratios  were  installed 
and  sui)ported  in  tix'  sanx'  mamxx’  as  for  tests  of  infinite' 
asp('('t  ratios  (*xe('j)t  that  I  lx*  mode'ls  ('xte'ixh'd  oix'  semispan 
into  tlx'  air  stream  from  the  tunix'l  wall.  This  type  of 
installation  is  satisfactory  Ix'canse'  the  bonixiarv  lave'r  on  tlx'  ! 
lunix'l  wall,  as  ])r(‘vi()usly  diseiiss(*d,  is  ve'i'v  thin,  .f\)r  tlx'  I 
t(*sts  oi  win^s  having  aspe'ct  ratios  of  o  or  h'ss,  two  se'inispans.  j 
one  from  t*a(‘h  wall,  W('re  instalh'd  for  tlx*  purpose*  of  doublinu"  ' 
tiu'  mairnitixh'  oi  tlx*  ior(*('s  to  lx*  nx'asure'd  by  the  standareJ 
l)alane(‘  of  this  tuniX'l.  which  was  desi^ix'd  for’  lai’LX'r  force' 
ran^x's  than  those*  <*iX'ounter('d  in  tiie'se*  tests.  Foi’  the*  winys 
ot  asp(*et  I'atios  n  aixl  7,  le'sts  we're*  made*  with  one*  aixl  two  ; 
se'inispan  models  moiinte*d  in  the*  tunm*!.  The*  I’e'siilts  of  i 
t(*sts  made*  with  both  one  aix!  two  se'mispans  mounted  in 
the  tunnel  we're  in  close  airreenx'nt  even  without  the  tiinix*!- 
wall  eoi’i’cetions. 

Jjiit,  dra^,  and  j)itehin^  monx'iit  we*i'(*  nx*asui'e'd  on  winirs  i 
havin^^  j’e'etauirular  plan  forms  and  zero  twist.  4'he  asjx'ct  I 


Cb)  Downsiri'ain  viow  with  model  in 

Figure  2.— Model  mountinp  in  section  of  Liimile.v  :M-inch  liiuh-.siK'od  lurmcl.  .Aspect 

nit  io,  n;  two-s(‘mi.span  instulUilion. 

ratios  of  the  win^s  tested  were  oo  ,  9,  7,  5,  8,  and  2.  AH 
the  win<rs  were  of  the  NACA  0012  ])rofilo  and  Jiad  chords 
of  2  inches.  Tests  were  miule  at-  anjrh's  of  attack  from 
0°  to  0°  and  at  Mach  niimb(*rs  [)etween  0.5  and  the  tunix'l 
choked  condition,  that  is.  tlx*  maximum  Mach  number 
obtainable*  foi’  a  jriveii  model-tunix'l  combination.  Tlx* 
Keynolds  number’  ran^e*  coi’i’e'spondiiiir  to  this  Mach  numb(*r 
ran^x*  is  from  5.8  )<  10"  to  7.0  X  10\ 

The  various  fa(*tors  aib'e'tin^  tlx*  aeeurae’V  of  tlx'se*  data 
may,  in  ^x*neral,  be*  diviele*el  inle)  twe)  e'lasse's:  acciele'ntal 
errors  and  svste*matic  errors. 

The  acciele'ntal  e'r‘re)rs  ai'eise*  li’e)ni  inaccui’acx's  in  tlx* 
calibr*atie)ns  e)f  tlx*  lialaix’e*  anel  tlx*  stat  ic-pr’e*ssui  e*  e)i’itic(*s 
aix!  fr’e)ni  de*si<rn  limitatieuis  e)n  tlx*  maximum  se'usitivity 
of  tlx*  balance*.  Tlx*  maximum  se'Usitivity  appe'ar’s  to  lx*  tlx* 
primai’v  source*  e)l  ae‘eieje*ntal  e*i*i’or’s  and  is  a  maximum  foi’ 
the*  small-ai’e*a  win^r  of  aspect  ratio  2  at  low  Mach  nund)e'i’s. 
At  a  Mae’h  numbe*r’  e)f  0.50  for  the*  witii^-  of  aspe'ct  rjitio  2. 
the*  ace’iele'iitai  (*rrors  in  e’ocHie’ie'iits  appe'ai*  tt)  be*  e>f  tlx* 
fe)lle)win‘r  e)i’ele'r: 


"W'inir  lift  coe'flie'ient ,  t’/  _  _  . 

Winii’ eh’au’ e*e>etiie’i('nt .  t 'y,  __  irO.OOlO 

AVinu’ pile*hinv-me)menl  ee)etlie’ie*n( .  (\nc  \  -  --  -  iO.OlO 
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Tlir  syst(‘inati<*  orrors  arose  fi'oni  end  interforonee  and 
iunn(‘l-wall  interfen‘n(*(‘.  Tlie  data  Jiave  been  eorrc'cted  foi‘ 
(‘lul  interference  resiiltin<r  fj'oni  the  small  leakage  tliroii^li 
tlu’  ciearaiKx*  pip  at  iho  juncture  of  the  model  and  the  tunnel 
wall  l)y  corrections  determiiu'd  experimentally  (inference  4). 
With  the  wings  of  low  aspect  ratio,  a  large  part  of  the  'whole 
span  is  affected  by  the  gap  leakage,  and  the  effects  of  the 
leakage  are  therefore  expectial  to  be  relativ(‘ly  greater.  It 
is  believed  that  the  drag  coefficients  for  the  low-aspect-ratio 
wings  are  higher  and  tiie  lift-cairve  slopes  ai’c  lower  than 
would  be  found  in  the  absence  of  leakage.  These  cflects 
are  being  studied  experimentally  in  the  Langley  24-inch 
higli-speed  tunnel. 

Tunnel-wall  interference  lias  been  investigated  theoreti¬ 
cally  (reference  5)  and  the  exisUuice  of  constridion  effecls 
in  high-speed  tunnels  has  i)een  shown  experimentally  (refer¬ 
ences  6  and  7).  Tlie  theoretically  derived  corrections, 
liowever,  have  not  been  c-xperimeiitally  verified  at  supei- 
critical  Mach  numbers.  The  errors  indicated  theoretically 
by  the  method  of  refereiua*  o  increase  as  model  size,  Mach 
niimb(‘r,  drag  (‘0(‘fIicient ,  and  lift  (‘oefficient  increase.  The 
theor('ti(‘ally  indicated  ei’rors  for  the  infinite-asjiect-ratio 
wing  at  an  angle  of  attack  of  6°  and  a  Mach  number  M 
of  0.84  are; 

Corrected  A I  =  A I  X  1.014 
Cori*ected  =  ('l  X  0.  982 
Coi'rected  Cu  =  Cd  X  0.  980 

These  values  indicate  that  the  effect  of  tunnel-wall  inter¬ 
ference  on  these  data  is  small,  2  ])ercent  or  less,  and  ther(‘fore 
no  correction  has  been  applied. 

Tlu*  choking  phenomenon  is  an  additional  factor  that 
enters  into  the  problem  of  testing  at  high  Mach  numbers. 
At  the  choked  Mach  number  sonic  velocities  extend  from 
model  to  tunnel  wall  and  the  static  pressure  is  lower  behind 
the  model  than  it  is  ahead;  thus  large  gradients  in  the 
pressure  are  produced  (reference  7).  The  resulting  flow 
past  the  model  is  unlike  any  free-air  condition.  Data 
obtained  at  the  choked  Mach  number  are  therefore  of  ques¬ 
tionable  value  and  are  not  presented  herein. 

RESULTS 

The  basic  ivsults  are  presented  in  figures  8  to  5.  Figun'.  3 
shows  the  lift  coefficient  (\  plotted  against  the  angle  of 
attack  a  for  each  of  nine  values  of  the  Mach  number  from 
0.  o  to  0.  9.  Similarly,  the  drag  results  are  shown  by  polar 
diagrams  in  figure  4.  The  moment  coefficients  are  given  in 
fi<rur('  5  plotted  against  lift  coefficient  for  six  values  of  the 
Mach  number  in  the  rang(‘  from  0.  5  to  0.  9.  The  minimum 
drag  coefficients  for  th(‘  various  aspect  ratios  are  sliown  in 
fiirure  0.  All  the  results  are  for  the  actual  aspect  ratios 
tested  and  are  not  correctcul  to  infinite*  aspect  ratio.  Thus, 
the  induced  efb'cts  are*  included.  Since  the*  wings  of  higher 
aspe(*t  ratio  have*  the  lower  e-hoking  Mach  numbe'rs,  data 
fe)r  these  wings  are  ])resenteid  le)r  somenvhat  lower  Mae*l) 
num[)ers  than  the  data  for  the*  lower  aspe'e*!  ratios.  As 


notenl  y)r‘('.vious}y,  no  elata  at  the  chokeel  e*onejition  are*  pre- 
seiite'el.  The*  highe*st  Mach  number  fe>r  whicli  data  an* 
preseuite'el  fe)r  each  wing  is  appro.ximate'ly  0.  02’)  less  than  the 
corresponeling  choking  Mach  number. 


f(i)  .\/  =  ().7.^.  (•''  =  tfi  = 

(iz>  =  (h'  A/=:(».S7.‘i.  (i-  = 


KiC.rUE  O.-  I.in  curvi'S  for  various  astwri  ratios  and  Mach  miiia*cr<, 
jTcaaiieular  form  ami  rip. 
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CHAKACTERISTICS  OF  LOW-ASPECT-RATIO  WINGS  AT  SUPERCRITICAL  MACH  NUMBERS 


./ 


Cl 


(h)  (il)  -M-0.86. 

(b)  A/-0.7,  (O)  AZ-O-ST:). 

a>)  A/-0.S.  it)  A/-0.9. 

Kioubk  Moment*! ift  curves  for  various  aspect  ratios  and  Mach  numbers.  NACA  0012 
section;  rectanpular  plan  form  and  tip. 

DISCUSSION 

Figures  3  and  4  show  a  most  pronounced  change  in  finite 
wing  characteristics  as  the  critical  Mach  number  of  the 
sections,  approximately  0.  72  for  the  NACA  0012  sections 
used  herein,  is  exceeded.  For  conventional  and  higher  aspect 
ratios,  the  lift  curves  (fig.  31  show  irregularities  in  slope  and 
eftcctivel}’^  discontinuous  slope  changes  at  supercritical 
speeds.  These  irregularities,  which  are  the  principal  cause 
of  the  stability  difficulties  that  have  been  encountered  at 
supercritical  speed,  appear  first  at  the  higher  lift  coefficients 
encountered  in  the  pulbout  condition,  but  as  the  speed  is 
increased  they  occur  at  progressively  lower  lift  coefficients 
until  finally  irregularities  occur  in  the  low-lift  I'cgion  around 
zero  lift  coefficient .  For  the  higher-aspect-ratio  wings  tested 
in  the  present  investigation,  the  lift-curve  slope  decreases 
almost  to  zero  in  the  low  angle-of-attack  range  at  Mach 
numbers  between  0.85  and  0.875. 

The  low-aspcct-ratio  wings  (asp(‘ct  ratios  2  and  3),  how¬ 
ever,  show  none  of  the  charact(M*istic  lift-cui-ve  irregulariti(‘s 
at  the  high  Mach  numbers.  The  lift-curve  slopes  for  the 
low-aspect-ratio  wings  also  show  relatively  little  change  with 
Mach  number.  The  usual  rise  of  lift-curve  slo])e  with  Ma(‘h 
number  through  the  subcrilic^al  speed  range  is  absent  as  is 
the  abrupt  fall  in  sio])e  at  supercriti(‘al  speeds.  A  partial 
explanation  for  th(‘  al)S(Mic(‘  of  the  iifcrtaise  of  lift-cui’vc"  slope 


with  AMach  number  in  the  subcritical  range  is  given  l)y 
considering  the  finite-wing  characteristics  to  be  composed  of 
the  infinite-wing  or  section  characteristics  and  the  indiued 
characteristics.  The  induced  characteristics  are  determined 
principally  by  the  lift  coefficient  and  are,  in  first-order 
approximation,  independent  of  the  Mach  number.  Hence, 
when  the  inducted  characteristics  are  large,  as  for  the  low- 
aspect-ratio  wings,  a  given  change  in  section  characteristics 
produces  less  relative  chang(‘  of  lift-curve  slope  than  is 
usuallv  expected  or  obtained  for  wings  of  high  or  conventional 
aspect  ratios  for  which  the  induced  characteristics  are 

rclativoly  small.  .  . 

Tlu!  efrocls  of  aspc'cl.  ratio  on  the  drag  characteristics  us 
shown  hy  the  polar  diagrams  (fig.  4)  indicate  very  marked 
departure  from  the  tisual  low-spee<l  characteristics  when  t  u- 
speeds  are  increased  to  supercritical  values.  The  results 
presented  in  figure  4,  as  previously  noted,  include  the  ituluced 
drag.  At  tlie  lower  speeds  tlie  low-aspect-ratio  wings  have 
tlu^highest  drag,  as  could  be  determined  by  theory.  As 
the  critical  speed  of  the  basic  section  of  tlie  wings  is  e.xceeded, 
liowcvcr,  the  dilleretices  in  drag  diminish  and  Uie  polar 
curves  approach  coincidence  (fig.  4  (d)).  'iVith  still  further 
increase  of  siieed,  the  order  of  the  variation  of  drag  with 

aspectralio  reverses;  the  low-aspect-ratio  wings,  even  including 

the  induced  drag  as  in  figure  4,  have  markedly  reduced  drag  as 
compared  with  the  high-aspect-ratio  wings.  This  change  in 
characteristics  is  associated  with  delayed  and  less  rapid  rise 
of  drag  as  the  aspect  ratio  is  decreased.  Both  the  delayed 
ilrag  rise  and  the.  slower  rate  of  drag  rise  are  illustrated  for 
the  minimum  drag  attitude  (0°  angle  of  attack  and  zero  lift 
for  the  symmetrical  section)  in  figure  (i.  The  section  critical 
Mach  number  is  given  in  the  figure  for  comparison.  For 
the  wings  of  aspect  ratios  2  and  3,  the  Mach  numbei  for 
significant  drag  rise  is  approximately  0,1  higher  than  for 
the  infinite-  or  high-aspect-ratio  wings  and  the  initial  rate 
of  drag  rise  is  mucli  less. 
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'riu-  pitchiuLr-nioment-cocfiu'ient  results,  thou^th  not  so 

..ompw.  n,  .tc  .n.l  d.,g-.-oollid-..t  cW., 

show  Chanfros  as  the  speed  is  inereased  from  subcrit.eal  to 
supercritical  values  that  are  iu  gciuTal  of  the  same  ^^jrac  ei 
as  the  lift-coefficient  and  drag-coeffu'.eut  changes  At  suh- 
critieal  Mach  numiiers  the  aspect  ratio  has  but  little  mfluenee 
on  the  values  of  the  moment  about  the  wing  ciuarter-choid 
axis  The  slope  of  the  curve  of  moment  against  lift  is 
sii-htly  positive,  indieating  that  for  the  section  used,  the 
aerodynamic  center  is  slightly  ahead  of  the_wing  quarter- 
..hord  axis.  For  all  Mach  numbers  up  to  O.i  as  mdicn  ed 
by  fi-ures  5  (a)  and  5  (b),  the  aspect  ratio  has  hi  t  htth 
nfluence  on  the  moment  coeflicient  for  a  given  lift  coelh<'ieiH . 
Crease  of  Maeh  number  up  to  the  critical  valu,>  causes, 
in  accordance  with  the  known  theories,,  a  small  increase  m 
the  moment  coeflicient.  When  large  supercriUcal  values  o 
the  Mach  number  are  reached,  however,  drastic  changes  n 
the  wing  (luarter-i'hord  moment  coefficient  are  found  for  the 
hi<rh-asi)ect-ratio  wings.  Abrupt  changes  m  the  variation  of 
the  montent  coeflicient  with  the  lift  coeflicient  occur  at  very 
low  lift  coeflicii'uts  and  at  higher  lift  coefhcients  these  (.ui\(s 
to  give  a  stable  slope  as  distingiiisheil  from  tlie  usual 
unstable  slojic  characteristics  of  low-speed  data.  • 

..ham^e  in  moment  characteristics  has  been  shown  previously 
a  d  is  due  to  the  movement  of  the  shock  on  the  wing 
Reduction  of  aspect  ratio  reduces  the  changes  m  momen 
eoeffieient,  as  is  shown  in  figure  5  by  the  data  foi  wings 
aspect  ratios  2  an<l  T  The  slope  remains  positive  for  all 
Mach  numbers  up  to  0.9,  and  the  change  in  moment  cocdh- 
cient  from  th(>  values  obtained  at  or  mavr  the  wing-sectioii 
critical  Mach  number  (0.72)  as  compan-d  with  the  ‘'I'anges 
for  the  wings  of  conventional  aspect  ratios  is  relativelt 
small  up  to  the  highest  speeds  investigated. 

The  over-all  eflects  of  reducing  the  aspect  ratio  on  im¬ 
proving  the  undesirable  wing  characteristies  are  ''‘'.‘T  _ 

aWnce  of  irregularities  in  the  lift  curve,  the  nidicR  ed 
froedom  of  the  lift  curve  from  drastic  slope  ' 

similar  effects  for  the  wing  moment  curve  iiu  icnte  that  tl 
serious  stabilitv  idianges  which  have  occurred  with  conven¬ 
tional  aircraft  when  flown  in  the  supercritical  region  may  bi 

alleviated  in  large  degree.  Likewise  the  ilelayed  drag  rise 
and  the  less  rapid  rate  of  drag  mcreasi'  at  th(>  high  supn 
critical  Mach  inimbers  permit  increased  speed. 

'Phe  imiiroved  supercritical-speed  characteristics  foiiiid  f 
the  low-aspect -ratio  wings  are  a  coiiseciueiKc  of  the  thiee- 
.limensioiuil  tyi.e  of  flow  at  the  tip.  Becaus<.  the  eHects  o 
U,a  flow  at  the  tip  are  quite  large,  the  ti,i  shape 

of  great  importance.  In  the  present  experim.m  s  the  tq) 
,l,ap,.  was  made  sipiare  priiieipally  as  a  matter  of  conveii- 
using  an  existing  model  to  investigate  the  over-al 
olVect  Tlie  stpiare  tip  leads  to  large  local  velocit les  and  at 
low  speeds  is  known  to  produce  undesirable  disturbances. 
It  is  ikely.  therefore,  that  an  apiireciable  niiprovemeiit  in 
I,' ..  low-aJpect-ratio-wing  charaeteristi.s  may  ><'  <>'>'■>;■- 
by  suitably  shaiiing  tlu'  ti|).  Large  Imail  velocities 


would  occur  over  tlie  forwaril  and  middle  parts  of  the  t  p 
can  lead  to  large  disturbances,  probably  mvohmg  sioe^, 
w  eb  micht  produce  at  least  partly  sc-parated  flows  over 
ule  mm  ;art  of  the  wing,  deueral  ..oiis.derations  of  tlie 
flow  about  the  tip  indicate  that  a  change  of  plan 
he,  soiiare  type  used  in  these  illustrative  experim  .its  to 
a  tapered  plan  form  giving  reduced  chord  at  the  ip  am 
a  roundel  or  elliptical  tip  shape  may 

Iw,,:  Is,  .  - 

a  lO-nerceiit-thick  wing  of  late-critieal-siieed  tMx  vi  I,  o 
the  basis  of  two-dimensional  data  for  the  wing  sec  ions, 
irive  a  further  rise  of  0.08  in  the  critical  Mach  numbei. 
This  chan-e  together  with  an  imiiroved  tip  shape  and  p  an 
lo  n  a  ipiairs  m  offer  a  new  possibility  of  overeo.iimg  the 
.xistiii'  problems  of  flight  in  the,  transonic  «l>-' 

■  Thomdi  not  specifically  shown  by  the  present  results, 
oth  1  advautag  s  are  offered  by  the  low-aspecU -ratio  wmg^ 
S  .1  secUons  giving  high  critical  spee.ls  may  be  uscal 

l-uloirUirusuallyimposede^^ 

depth  for  ail  efric.eiit  structure,  and  second,  the  M'"' 

.‘.  .I,. shill  in  tl...  ...l...m.il.»l  .'.■i-.o.' 

,nueh  red.iceil  bei'ause  of  the  short  spanwise  length. 

CONCLUSIONS 

:<:::atocLrSmi^ 

the  advantages  of  this  type  of  eoufigurat.on  is  warianteil. 
L.\vglev  Memorial  Aeronai-tical  Lai.oratora, 

N  itional  Advisory  C'ommittee  for  Aehona,  i.<  s, 
I.ant.ley  Field,  Va.,  September  (> , 
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Poaitive  directions  of  axes  and  angles  (forces  and  moments)  are  shown  by  arrows 


Axis 

Force 
(parallel 
to  axis) 
symbol 

Moment  about  axis 

Angle 

Velocities 

Designation 

Sym¬ 

bol 

Designation 

Sym¬ 

bol 

Positive 

direction 

Designa¬ 

tion 

Sym¬ 

bol 

Linear 
(compo¬ 
nent  along 
axis) 

Angular 

T.nnp'it.Tidi  na! 

X 

X 

Rolling _ 

L 

Y - 

Roll  _ 

u 

P 

Lateral  _ 

Y 

Y  1 

Pitr.hing 

M 

z - ►X 

Pitch . 

e 

q 

Normal . 

Z 

Z 

Yawing . 

N 

X — ►r 

Yaw . 

4, 

w 

r 

Absolute  coefficients  of  moment 

r-  -K 

(rolling)  (pitching) 


r— ^ 

^'~qbS 


D 

V 

pID 

V' 

V. 

T 


Diameter 
Geometric  pitch 
Pitch  ratio 
Inflow  velocity 
Slipstream  velocity 


(yawing) 


Angle  of  set  of  control  surface  (relative  to  neutral 
position),  5,  (Indicate  surface  by  proper  subscript.) 


4.  PROPELLER  SYMBOLS 
P 


Thrust,  absolute  coefficient 


Q 


Q  Torque,  absolute  coefficient 


a 

ri 

n 


Power,  absolute  coefficient 

*  /pF^ 

Speed-power  coefficient  =  y 
Efficiency 

Kevolutions  per  second,  rps 
Effective  helix  angle  =  tan''^^,5-^^ 


1  hp  =  76.04  kg-ni/3  =  o50  ft-lb/sec 
1  metric  horsepower =0.9863  hp 
1  mph= 0.4470  mps 
1  mps=2.2369  inph 


6.  NUMERICAL  RELATIONS 

1  lb=0.453r)  kg 
1  kg =2. 204 6  lb 
1  mi=  1,609.35  m  =  5,280  ft 
1  m=3.2808  ft 


